Abstract: Urban ecosystem health evaluation can assist in sustainable ecological management at a regional level. This study examined urban agglomeration ecosystem health in the middle reaches of the Yangtze River with entropy weight and extension theories. The model overcomes information omissions and subjectivity problems in the evaluation process of urban ecosystem health. Results showed that human capital and education, economic development level as well as urban infrastructure have a significant effect on the health states of urban agglomerations. The health status of the urban agglomeration's ecosystem was not optimistic in 2013. The majority of the cities were unhealthy or verging on unhealthy, accounting for 64.52% of the total number of cities in the urban agglomeration. The regional differences of the 31 cities' ecosystem health are significant. The cause originated from an imbalance in economic development and the policy guidance of city development. It is necessary to speed up the integration process to promote coordinated regional development. The present study will aid us in understanding and advancing the health situation of the urban ecosystem in the middle reaches of the Yangtze River and will provide an efficient urban ecosystem health evaluation method that can be used in other areas.
Introduction
Urban agglomeration (UA), which plays an important role in integrating regional coordinated development, building competitive industry clusters, and promoting industrial transfers between different areas, has gradually become the principal geographic unit for countries to participate in global competition and China's international division of labor [1, 2] . However, over the past three decades the development of the UA has had profound effects on the sustainability of the ecosystem. As one of populous social-economic-natural complex ecosystem, the UA ecosystem is more fragile, which is further aggravated by the large demand of resources for industrial production, human consumption, and pollutant emissions [3, 4] . A considerable amount of factors and its related complex interactions bring a deep impact on ecosystem health and human health with the growth of economy, population, industrialization and urbanization [5] . Sustained and intensive human activities in the UA have caused serious problems, such as water shortages, air and soil pollution, a decline in biodiversity, depletion of natural resources, and the degradation of major ecosystems. These problems have not only placed considerable burdens upon the development quality of the UA and human life, they have
Study Area
The UA in the middle reaches of the Yangtze River, also known as the "Triangle of Central China", centers on the three provincial capital cities of Wuhan, Changsha, and Nanchang and what constitutes the cross-province region by combining the Wuhan Metropolitan Areas, the Ring of Chang-Zhu-Tan City Clusters, and the Poyang Lake Ecological Economic Zone (see Figure 1 ). The Erguang highway and multiple high-speed railways (Jingguang, Jingjiu, and Hukun railways) are the ties that form a whole. The UA in the middle reaches of the Yangtze River is situated in Central China and is connected to the Central Plains. This UA area is a gateway to China's north-south and east-west linkages, and is an important part of the Yangtze River Economic Zone. Meanwhile, the UA in the middle reaches of the Yangtze River is the core area of economic and social development; it plays a crucial role in the urbanization of China, is the fourth pole of China's regional economic development, and is considered one of the most important UAs. The land area of the UA is 317,000 km 2 , accounting for 3.3% of China's land area. In 2014, the total population was 1.2 million, and the gross domestic product (GDP) was 6 × 10 6 million Yuan (RMB), accounting for 8.8% and 3.3% of the nation, respectively.
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Indicators Selection and Data Source

Indicators of UA Ecosystem Health
Based on previous academic achievements and regional characteristics, this study established a comprehensive indexing system for selecting reasonable indicators and scientifically evaluating the ecosystem health of the cities in the UA located in the middle reaches of the Yangtze River [17, 18, 20, 21] . Meanwhile, the choice of index system took into consideration the availability, operability, hierarchy, and completeness of the scientific data.
The index system is composed of three dimensions (natural, economic, and social systems) and five factors (vigor, structure, resilience, service function, and population health). In this study, vigor indicates a city's metabolic ability, which reflects the productivity and resource consumption of a region. Structure, which refers to configuration diversity in terms of the urban ecosystem, reflects the economic, social, and natural structure or relationship. Resilience indicates the function of an urban ecosystem to keep the structure's usability and the recovery rate under natural and human disturbance. Service function refers to the function of an urban ecosystem to provide the carrier of human production and life. Population health reflects the health of human physical and mental aspects present in the current environment. These factors were also divided into positive or negative types, depending on their effect on the UA ecosystem health ( Table 1) . "Positive" denotes the ecosystem health state improving with indicators' values increasing; "negative" represents the ecosystem health state deteriorating with indicators' values increasing. All factors were positive indicators, except for energy consumption per 10,000 Yuan of GDP, water consumption per 10,000 Yuan of GDP, the per capita annual disposable income ratio of urban and rural areas, Engel's coefficient of urban households, and the urban area's population density. In this study, the classification of most indicators' attributes draw on the experience of the previous academic achievements [17, 18, 20, 21] , except for the per capita annual disposable income ratio of urban and rural areas and the urban area's population density. The classification of these two indicators' attributes is based on the development actuality and the State Environmental Protection Agency's policy (the proposed regulations on the construction index of eco-county, eco-city, and eco-province). For example, if the urban area's population density is maintained at a reasonable interval it is better, but if it is out of the interval, it may arouse a threat to the sustainable development of urban ecosystem health. As for the cities of UA, after the year 2010, the urban area's population density is higher than national eco-city population density standard, which is also referred to as a negative indicator.
Data Source
The 2014 
Method
Matter-element extension put forward a new research field to solve contradictory problems by the formalization method, which was proposed by Cai in the 1990s [44] . Its basic theory is as below.
Definition of Matter-Element
Matter-element is used to describe the characteristics of things. If N represents matter, c represents its characteristics, and v is the values of c. Then, the ordered triad R = (N, c, x) can be described as the basic element for describing things, namely, the one-dimensional matter-element. If N has n characteristics c 1 , c 2 , . . . , c n and the corresponding values are x 1 , x 2 , . . . , x n , then the n-dimensional matter-element can be expressed as Equation (1):
Determination of the Classical and Segment Domains
According to extension theory, the classical domain describes the corresponding characteristics of each grade, while the segment domain describes the collectivity quantity value range of the characteristics.
The ordered triad R oj = (N 0j , c i , v oji ) was defined as the classical domain matrix of UA ecosystem health evaluation, where N oj is the jth grade (j = 1, 2, . . . , n) and c i is the ith character of the jth grade. The interval (a oji , b oji ) is the quantity value range of the jth grade with respect to c i , which is called the classical domain. The corresponding classical domain complex element matrix can be expressed as follows:
. . .
The ordered triad R p = (N p , c i , v pi ) was defined as the segment domain matrix. The quantity value range (a pi , b pi ) is the segment domain of the characteristics of the ith index. According to extension theory (a oji , b oji ) ∈ (a pi , b pi ) the corresponding segment matrix can be expressed as follows:
Construction of the Correlation Function Value
The correlation degree of each characteristic i (i = 1, 2, . . . , n) to each grade j (j = 1, 2, . . . , m) can be calculated as follows:
where
where v i , V oji , and V pi represent the value of the matter-element of urban ecosystem health, the value range of the classical domain of urban ecosystem health, and the value range of the segmented domain of urban ecosystem health, respectively. ρ(v i , V oji ) is the distance between any points v i and the classical domain
is the distance between any points v i and segment domain
Information Entropy
Determining the weights of the evaluated indices is one of the important parts in comprehensive evaluation and has a remarkable effect on the diagnosis result. The methods to determine the weight are usually divided into two categories. One category is subjective weighting methods; for instance, the expert meeting method, analytical hierarchy process (AHP), analytic network processes (ANP), and Delphi method. The other is objective weighting methods, which includes information entropy method, principle component analysis, deviation and mean square difference method, etc. Compared with objective weighting, subjective weighting is easily influenced by the experts' subjective consciousness, which has a certain deviation and cannot correctly reflect the relationship between the indicator data [21] .
Information entropy is a measure of uncertainty, which represents the disorder degree of a system state. In this study, information entropy was employed with the advantage of relatively objective options, which minimizes randomness and ensures that the result will be more objective and reasonable. After the establishment of the standardized matrix I, the jth index entropy value H j can be acquired by using the following formula:
where I ij represent the original value of the jth (j = 1, . . . , n) indicator of the ith object (I = 1, . . . , m). The sample range normalization approach was utilized to process the evaluation indicator.
the negative indicator (7) where max(I i ) is the maximum value of I i and min(I i ) is the minimum value of I i . After normalization, I ij will be standardized into x ij .
x ij and k = 1/Ini.
When y ij = 0 and y ij Iny ij = 0, the jth index entropy weight w j can be acquired by using the following formula:
where 0 ≤ w j ≤ 1 and
By the above four main steps, the weights of 22 indicators were calculated (see Table 1 ).
Construction of the Comprehensive Correlation Degrees
The comprehensive correlation degree K j (N j ) of the evaluated samples N j with respect to the jth grade can be obtained as follows:
The grade and attributive degree of the evaluated object tend to convert to adjacent levels that can be derived from K 0 (S 0 ) as follows:
The larger the K 0 (S 0 ) value was the more stable the evaluation object (evaluation index) in the corresponding grade. The smaller the K 0 (S 0 ) value was the more the attributive degree of evaluation object (evaluation index) and tended to convert to adjacent levels. When the K j (S j ) value in each grade was closer, the trend of transformation was more evident. If all K j (S j ) values were negative, then the quality of the evaluation object (evaluation index) was outside the standard level and was transformed to the maximum K(S) value in all ranks.
Assessment and Analysis of UEH in the UA in the Middle Reaches of the Yangtze River
Determination of the Classical and Segment Domains of the UA
According to the specific conditions of the urban ecosystem, the societal characteristics of economic development in the UA located in the middle reaches of the Yangtze River, and the State Environmental Protection Agency's policy for UEH, the UEH standards are usually classified into five grades: morbid (grade I), unhealthy (grade II), sub-healthy (grade III), healthy (grade IV), and excellent healthy (grade V). Given that a common standard on the evaluation index value range of UEH in each grade is currently unavailable, the criterion will be established as classical domain in the process of calculation (Table 2 ). These standards are combined with the State Environmental Protection Agency's policy (the proposed regulations on the construction index of eco-county, eco-city, and eco-province), the average level of the six provincial capital cities (Wuhan, Changsha, Nanchang, Taiyuan, Hefei, and Zhengzhou), and previous academic achievements [17, 23, [45] [46] [47] [48] [49] . At the same time, this study adopted the questionnaire survey and an expert evaluation method to ensure that the standards on the value range of the UEH evaluation index are scientific and reasonable. According to extension theory, both the minimum value and maximum value of classical domain are respectively the value of left and right of segment domains interval. Table 2 shows the five grades as ranges of the classical domain, which is the basis for calculating correlation function value and comprehensive correlation degrees.
Result and Analysis of the UA Ecosystem Health
Based on the criterion in Table 2 (initial value of each indicator see Appendix A), Equations (4) and (5), we calculated the correlation degree of the evaluation index of the UA ecosystem health. Given the large number of cities in the UA located in the middle reaches of the Yangtze River, this study uses the city of Wuhan as an example and analyzes the parameters of the computation process. The value of energy consumption per 10,000 Yuan of GDP in Wuhan was 0.760. Using Equations (5) Table 3 . Wuhan  III  V  V  V  I  II  I  III  V  V  V  IV  I  V  IV  IV  V  III  IV  V  V  V  Huangshi  II  IV  III  II  I  II  III  II  V  V  V  II  III  III  V  IV  III  I  IV  IV  IV  II  Ezhou  II  IV  IV  I  II  III  III  II  V  IV  V  IV  III  IV  II  II  II  IV  III  III  IV  II  Huanggang  III  II  I  II  IV  I  IV  I  V  I  II  I  III  I  V  I  I  II  IV  II  III  II  Xiaogan  II  II  II  II  III  III  III  I  II  V  V  III  IV  II  II  II  I  III  III  I  II  II  Xianning  II  III  II  II  II  III  V  III  I  V  V  I  IV  IV  II  II  I  II  IV  II  III  II  Xiantao  III  III  II  II  I  III  III  III  V  IV  V  I  III  III  II  II  II  II  IV  I  I  I  Qianjiang  II  IV  III  I  II  III  III  III  V  IV  III  I  III  IV  II  II  II  IV  IV  II  II  I  Tianmen  III  II  II  I  I  IV  III  IV  III  IV  V  I  III  III  I  II  I  III  IV  I  II  I  Xiangyang  II  IV  III  I  II  III  IV  II  V  V  V  I  III  III  II  II  II  V  IV  III  III  II  Yichang  II  V  IV  I  I  II  V  IV  I  V  V  II  III  IV  III  III  III  IV  III  IV  V  II  Jingzhou  III  II  II  II  I  III  IV  III  I  II  I  I  II  II  II  II  I  IV  III  II  II  III  Jingmen  II  III  III  I  I  III  V  III  V  IV  V  I  III  III  II  II  II  IV  IV  III  IV  II  Changsha  IV  V  V  IV  III  IV  III  II  IV  V  V  II  I  IV  II  IV  IV  IV  V  V  V  V  Zhuzhou  III  IV  III  II  I  II  IV  IV  IV  III  V  IV  I  IV  IV  IV  II  III  IV  IV  IV  III  Xiangtan  II  IV  III  II  II  III  III  IV  V  IV  V  IV  I  III  III  III  III  V  IV  III  IV  IV  Yueyang  III  IV  III  II  III  III  IV  IV  V  IV  V  II  II  III  II  III  II  III  IV  II  II  II  Yiyang  III  III  II  III  III  III  IV  III  IV  V  V  IV  IV  III  I  II  I  III  IV  II  III  II  Changde  IV  III  III  III  II  III  IV  IV  V  IV  V  III  II  III  II  II  I  III  IV  II  III  II  Hengyang  III  III  II  III  II  III  III  II  IV  III  V  I  IV  III  V  III  II  III  IV  II  III  II  Loudi  I  III  II  II  III  I  III  III  V  IV  V  III  III  II  II  II  II  III  IV  I  III  II  Nanchang  V  V  IV  III  III  II  III  IV  V  V  IV  I  II  IV  III  V  III  II  IV  III  V  V  Jiujiang  IV  III  II  III  IV  II  V  V  I  IV  V  III  IV  III  V  II  II  I  IV  II  IV  III  Jindezhen  IV  IV  III  II  I  II  IV  V  V  III  V  II  V  V  IV  III  II  III  IV  III  IV  II  Yingtan  IV  IV  III  I  II  II  IV  IV  V  IV  V  III  V  III  III  II  II  III  IV  II  IV  I  Xinyu  II  V  IV  III  II  II  IV  V  V  V  V  V  V  V  III  II  II  II  IV  II  V  III  Yichun  IV  I  II  I  IV  II  IV  IV  V  V  V  V  V  II  II  I  I  III  III  II  III  II  Pingxiang  II  IV  III  II  II  III  III  IV  V  IV  V  III  V  III  II  II  II  III  IV  III  IV  II  Shangrao  IV  II  I  II  V  I  IV  IV  I  V  V  I  V  II  V  II  I  III  III  I  II  I  Fuzhou  IV  II  II  II  IV  II  V  IV  IV  V  V  II  V  III  II  I  I  II  III  I  IV  II  Jian  V  I  II  II  V  I  V  V  V  III  III  IV  V  II  III  II  I  II  IV  II  V  I I, refers to morbid grade; II, unhealthy grade; III, sub-healthy grade; IV, healthy grade; and V, excellent healthy grade.
By using Equations (2)- (11), the comprehensive correlation degree of ecosystem health in Wuhan was obtained as follows: k 1 (S) = −0.575, k 2 (S) = −0.530, k 3 (S) = −0.447, k 4 (S) = −0.291, and k 5 (S) = 0.055. Thus, the ecosystem health in Wuhan was classified as grade V. The health grades and attributive degrees of ecosystem health in other cities can be similarly diagnosed. The final results of the ecosystem health assessment for each city in the UA are presented in Table 4 . The weight, health grade, and attributive degree of each indicator reflect the influence of each index in the ecosystem health status. Per capita gross domestic product (GDP) (I 3 ), the proportion of science and education expenditures to fiscal expenditures (I 5 ), the total investment in city maintenance and construction as percent GDP (I 12 ), the number of public library collections per 100 of the population (I 21 ), and the number of students enrolled in regular institutions of higher education per 10,000 of the population (I 22 ), were the first five influencing factors in the UA ecosystem health status based on the weight of each indicator ( Table 1 ). The five influencing factors were classified under the economic and social subsystems. This implied that the human capital and education, economic development level as well as urban infrastructure have a significant effect on the health states of UA. The limiting factors in different UA cities were based on the correlation degree of the evaluation index of the UA ecosystem health (Table 3) . I 4 , I 5 , I 12 , and I 17 are the limiting factors of most cities in the Wuhan metropolitan areas. The limiting factors of the index system are scattered in various indicators in the Ring of Chang-Zhu-Tan City Clusters and the Poyang Lake Ecological Economic Zone. For example, I 13 is the limiting factor of Changsha, Zhuzhou, and Xiangtan; I 17 is the limiting factor of Changde, Yichun, Shangrao, Fuzhou, and Jian; and I 4 is the limiting factor of Yingtan. Different limiting factors restrict different urban agglomeration ecosystem health. When I 3 and I 12 are the limiting factors of the city simultaneously, the health state of the city will be continuously unwell without the influence of a larger weight factor for an extended period of time. Increasing the investment in urban infrastructure and improving the people's quality of life are important methods of enhancing the health status of the urban ecosystem.
The results shown in Table 4 and Figure 2 reveal the different overall health levels of the 31 UA cities in 2013. Generally speaking, the health status of the UA's ecosystem was not optimistic. The number of city ecosystems at healthy and excellent healthy levels accounted for only 16.13% of the area. The cities with healthy and excellent healthy levels are scattered throughout the study area in a triangular pattern or, more exactly, like the three vertices of a triangle (see Figure 2 ). In combination with the special conditions of the cities in the UA, five basic findings have been summarized as follows:
scattered in various indicators in the Ring of Chang-Zhu-Tan City Clusters and the Poyang Lake Ecological Economic Zone. For example, I13 is the limiting factor of Changsha, Zhuzhou, and Xiangtan; I17 is the limiting factor of Changde, Yichun, Shangrao, Fuzhou, and Jian; and I4 is the limiting factor of Yingtan. Different limiting factors restrict different urban agglomeration ecosystem health. When I3 and I12 are the limiting factors of the city simultaneously, the health state of the city will be continuously unwell without the influence of a larger weight factor for an extended period of time. Increasing the investment in urban infrastructure and improving the people's quality of life are important methods of enhancing the health status of the urban ecosystem. The results shown in Table 4 and Figure 2 reveal the different overall health levels of the 31 UA cities in 2013. Generally speaking, the health status of the UA's ecosystem was not optimistic. The number of city ecosystems at healthy and excellent healthy levels accounted for only 16.13% of the area. The cities with healthy and excellent healthy levels are scattered throughout the study area in a triangular pattern or, more exactly, like the three vertices of a triangle (see Figure 2 ). In combination with the special conditions of the cities in the UA, five basic findings have been summarized as follows: (1) The ecosystem health grades for Wuhan, Changsha, and Nanchang are excellent or converting to excellent health zones, accounting for 9.68% of the total number of cities in the UA. These (1) The ecosystem health grades for Wuhan, Changsha, and Nanchang are excellent or converting to excellent health zones, accounting for 9.68% of the total number of cities in the UA. These cities are provincial capital cities with rapid economic development, relatively free social environments, and an abundance of science and technology resources, particularly in comparison with other cities in the UA. The health states of the three cities are good because of the superior urban infrastructure and excellent environmental protection. (2) The ecosystem health grades for Zhuzhou and Xiangtan are healthy or converting to healthy zones, indicating that ecosystem health in Zhuzhou and Xiangtan is improving. Xiangtan and Zhuzhou are two major industrial cities in the country; they are the industrial centers of South China, and are also heavily polluted areas [50, 51] . The government has spent a considerable amount of money and material resources on environmental pollution control in the past decade, which has significantly influenced the improvement of the health states of Xiangtan and Zhuzhou. If this situation continues, it is bound to negatively affect economic development without reasonable industrial structure and supporting infrastructure.
Discussion
The UA in the middle reaches of the Yangtze River is located in the basin of the Yangtze River Valley, Dongting Lake Valley and Poyang Lake Valley, where water resources occupy an important position. In order to protect the ecological environment, the orientation of the UA is to create the "China Eco-Green Heart". However, the case study results show that only five out of 31 cities have a healthy and excellent healthy ecosystem. We can diagnose that the health status of the UA's ecosystem is not optimistic. One of the most effective methods to improve the level of urban ecosystem health is to overcome major limiting factors. First of all, with the development of science, technology and society, the way of maintaining and improving urban ecosystem health should change from the simple environment protection in the past to deep thinking of the historical pattern of urban development and their future. The UA ought to advance their total amount of economic development while transforming the forms of economic development and upgrading of its industrial structure and seeking for a new development model of circular economy. For example, the UA should adopt policies to enhance future ecosystem health by utilizing clean, regenerated energy as much as possible, improve the rate of energy consumption, and reduce the environmental impact on the region. In the second place, more investments are expected to be made by UA for improving urban infrastructure, especially environmental protection facilities. Last and most important, improving the access to quality education, increasing educational input, setting up a regional talent sharing system, and letting talents flow in the UA according to the need for urban ecosystem health development are important.
The regional differences between the ecosystem health levels in these 31 cities are significant. The reason for this originates from an imbalance in economic development and city development policy guidance. Beijing, Tianjin, Shenyang, Taiyuan and Lanzhou experienced eco-environment treatment after pollution and spent a lot of time and wealth to adjust the relationship between the economy and the environment, which has served as a useful reference for other cities. The developed cities, such as Wuhan, Changsha and Nanchang actively explore an effective balance between economic development and environmental protection, with the overall goal of saving resources and developing an environmentally friendly society. Thus, the health levels of these three cities are the best, benefitting from the advantages of superior urban infrastructure and excellent environmental protection. Underdeveloped cities generally have an urgent need to improve the eco-environment instead of focusing on simple economic growth. However, such cities still pay more attention to the rapid economic increases. Obviously, different purposes eventually lead to a contradiction of strategy within city development. It is difficult to shift away from the "grow first, clean up later" approach towards green growth for underdeveloped cities without the support that comes with policy, economy, or industry. Thus, it is also necessary to break free of each departments' limitations to establish a regional system, and to speed up the integration process to promote coordinated regional development.
Conclusions
Research in UEH assessment is driven by both the rapid pace of urbanization and the increasingly deteriorating urban environment it covers [7] . The extension theory-based methodology was proposed for the evaluation of urban ecosystem health; it circumvents the incompatibility of individual indicators in the evaluation process and avoids the uncertainty of the index weight, thereby generating precise and reasonable the evaluation results.
In the present study, the urban ecosystem health of the UA's 31 cities in the middle reaches of the Yangtze River were evaluated and compared using the entropy weight extension decision model, in which the health levels of Wuhan, Changsha, and Nanchang were determined superior, whereas majority of the cities were unhealthy or on the verge of being unhealthy, accounting for 64.52% of the total number of cities in the urban agglomeration. Human, economic, and social developments of the UA have a significant effect on health states. However, the power of environmental governance technology is limited. Enhancing the quality of urbanization is an important approach for maintaining a healthy ecosystem and improving urban infrastructure and environmental protection facilities.
Spatial differentiation analysis and dynamic comparisons are important for understanding changes in urban ecosystem health. This study is limited in a time series analysis. Due to the limited data, this work only selected some indexes and data from 2013 for this analysis. Thus, future research will focus on establishing a complete data support system and perfecting environmental monitoring record standards, which will provide more practicable references for urban managers. 
